Introduction
Microwave processing of materials has been attracting more and more attention since the early 1980s. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] The main advantage of this technology, compared with other conventional methods (e.g. infrared radiation or convective transfer), is that microwaves penetrate into materials, heating volumetrically, and significantly improving the heat transfer to the interior of a sample. 12) According to the equations for propagation of a TEM electromagnetic wave in materials, a fraction 1/e (that is, 63.2%) of the traveling wave energy (or power) is deposited in the material over the distance of a "TEM power penetration depth", D p ϭ1/(2*a), where a is the TEM field attenuation factor. 13, 14) This penetration depth of microwaves is a key parameter in evaluating microwave heating.
In conventional furnaces, heat is transferred by thermal wavelength electromagnetic radiation, and the penetration depth of infrared radiation (fϭ10 13 Hz) is very small (much less than 10 Ϫ4 m) in the majority of solids. 15) Thus, only a very thin surface layer of the material will be heated, and heating of the remainder of the material will depend on heat transfer within the material (mainly heat conduction in the material). Since this process requires a relatively long time, rapid heating is difficult to attain in most materials using infrared heating. Conversely, in microwave heating, the penetration depth varies from meters to millimeters because the frequencies used for heating, generally 915 MHz and 2 450 MHz, are much lower than those used for infrared heating. This means that, for a material that is appropriately sized relative to its penetration depth under microwave irradiation, large surface temperature gradients can be avoided.
Relatively uniform rapid heating (volumetric heating) is, therefore, much easier to achieve.
The penetration depth is influenced by both the electric and magnetic properties of non-metallic materials. [16] [17] [18] [19] Microwave heating work has tended to focus on non-magnetic dielectric materials (e.g. ceramics), with limited attention paid to the heating of mixed property materials (e.g. magnetite and other ferrites) under microwave irradiation. [19] [20] [21] [22] [23] [24] However, since magnetic properties can enhance absorption of microwaves, some research has been conducted to take advantage of this property. 10, [25] [26] [27] [28] A typical example is microwave assisted steelmaking, where magnetite concentrate is used as material. 27, 28) Magnetite is known as a good absorber of microwaves, with rapid heating and great energy conservation being achieved, 28) but the mechanism is not well quantified, as the high temperature microwave properties have not been measured! Although the determination of the TEM power penetration depth in non-magnetic materials has been reported, the measurements giving the high temperature penetration depth of microwave in materials with non-zero susceptibility (magnetic dielectrics) are still lacking. 19, 29, 30) In this paper, a simple equation was developed to quantitatively determine the penetration depth of microwave in magnetic dielectrics, which has not been reported. Through determination of the penetration depth, the optimization of dimensions of materials in microwave heating can be achieved, improving the energy efficiency.
Microwave Heating Fundamentals
The following outlines the basic defined variables related A simplified equation for determining the transverse electromagnetic mode (TEM) power penetration depth of microwaves in materials having both magnetic and dielectric response was derived. The penetration depths for a magnetite concentrate were calculated using this "full-response" equation, and a significant difference is shown compared with the penetration depth obtained using only the dielectric response (i.e., assuming no imaginary part of complex relative permeability). The temperature dependence of the power penetration depth, up to 1 000°C, was determined using measured values of the real and imaginary parts of complex relative permittivity, e r Ј, e r Љ and permeability, m r Ј, m r Љ. The accurate determination of penetration depths can help in optimizing the dimensions of a load in a microwave furnace, producing more uniform heating under microwave irradiation and avoiding thermal runaway.
with the interaction between microwaves and materials. For non-magnetic dielectrics, the absorption of microwaves is related to its permittivity (e), which can be defined as follows:
....................... (1) where e 0 is the permittivity of free space (8.854ϫ10 Ϫ12 F/ m), and j is imaginary unit, j 2 ϭϪ1. The complex relative permittivity (e r ) is used to describe the constitutive relation between the electric flux density and the electric field intensity in lossy dielectrics. It is comprised of two components: the real part of complex relative permittivity or the relative dielectric constant (e r Ј), and the imaginary part of complex relative permittivity or the relative dielectric loss factor (e r Љ). The real part of complex relative permittivity is a measure of the ability of the dielectrics to store electrical energy, while the imaginary part of complex relative permittivity represents the loss of electrical energy in dielectrics. The energy lost from the electric field to the dielectric is eventually converted into thermal energy or heat. Thus, for dielectrics with no magnetic properties, the imaginary part of complex relative permittivity determines the heating rate when microwave energy is applied.
For non-metallic magnetic materials, such as ferrites, the absorption of microwaves depends on both the permittivity and permeability (m). (2) where m 0 is the permeability of free space (4pϫ10 Ϫ7 H/m), and m r is the complex relative permittivity, which is used to describe the constitutive relation between the magnetic flux density and the magnetic field intensity where magnetic field based loss mechanisms exist. The complex relative permeability is also comprised of two components: the real part of complex relative permeability or the relative magnetic constant (m r Ј), and the imaginary part of complex relative permeability or the relative magnetic loss factor (m r Љ). The real part of complex relative permeability is a measure of the ability of the dielectrics to store magnetic energy, while the imaginary part of complex relative permeability represents the loss of magnetic field energy. The energy lost from the magnetic field is again eventually converted into thermal energy or heat. Thus, for magnetic materials, the imaginary part of complex relative permeability heavily influences the heating rate under microwave irradiation.
The ratio of the imaginary to real parts of the permittivity and permeability, define another parameter, the loss tangent (tan d), which is commonly used to indicate the efficiency of conversion of microwave energy into thermal energy within the dielectrics. For non-magnetic materials, the dielectric loss tangent is defined as: Neglecting magnetic effects (i.e., m r Љϭ0), the TEM power penetration depth, D p , is defined as the distance from the surface into the dielectric at which the traveling wave power drops to e Ϫ1 from its value at the surface. 30) It can be expressed as ........ (5) When the magnetic susceptibility is significant, as in magnetic dielectrics such as ferrites, this equation must be modified. Several formulations are available, but have not been expressed in simple terms. We have developed an appropriate simple form using Maxwell's equations.
Derivation of Simplified Microwave Power Penetration Equation
In a homogeneous medium and without convection or external currents, the differential Maxwell's equations in lossy dielectrics are given by (9) where E is the electric field intensity (V/m), H is the magnetic field intensity (A/m) and w is the angular frequency of microwave (rad/s).
Considering vector multiplication, for Maxwell's equations, we have ... (10) ... (11) where g is the propagation constant. Thus, we obtain The wave is attenuated as it traverses the medium and therefore the power is dissipated. According to the definition of the (1/e) power penetration depth, we obtain 
Cavity Perturbation Measurement Techniques
Since both permittivity and permeability are important to characterize the penetration depth of microwave in magnetic materials, both parameters were measured at MPN using "cavity perturbation technique" [31] [32] [33] [34] (see www.mpn. ca for details). This method measures the difference in the microwave cavity response between a cavity with an empty sample-holder and the same cavity with a sample-holder plus the sample, and uses this to calculate either the permittivity or permeability, depending on the field type (electric or magnetic) in the region of the cavity in which the sample is placed. The technique measures the frequency shift and the change in loaded Q of a resonant mode of the cavity caused by inserting a sample.
Permittivity Measurements
The permittivity was measured by placing the sample in the central region of maximum electric field in a TM 0n0 cavity (Fig. 1) , and measuring the frequency shift and quality factors. The electric susceptibility (c e ϭc e ЈϪjc e Љ) can be calculated through the following equation:
... (23) where, in the present case, f e is the specific cavity mode frequency (915Ϯ0.5% MHz or 2 450Ϯ0.5% MHz) , Q L,E is the loaded cavity quality factor with the empty holder, Df is the frequency shift produced by the sample, Q L,S is the loaded cavity Q with the holder and sample, F sh is a real number dependent only on the sample shape, V s and V c are the respective sample and cavity volumes, A is a real calibration constant dependent only on the shape of the electric showing the linear actuator with the quartz sample holder and a sample located on axis in the centre of the cavity. The quartz base that supports the sample in the holder has a small hole in it to allow gas flow upwards using a (not shown) metered gas flow control system. The components of the system: (1) high temperature resistance furnace, (2) entry hole, (3) TM 0n0 right cylindrical cavity, (4) sample in quartz holder, (5) quartz sample holder, (6) sample stage on linear actuator, and (7) support stand.
fields in the absence of the sample. The two calibration constants in the formula, A and F sh can be determined either by comparison with computer simulations or by comparison with known samples. Solid or liquid calibration samples are used, depending upon whether the sample material is liquid (or a tamped-in powder) or solid (carved or core-drilled sample or pressed pellets). The absolute calibration is normally done at room temperatures, and uses measurements on known high purity materials (similar to ASTM Standard Test Method, D2520-86, Method C). It should be noted that for very large values of electric susceptibility, c e , the value of the fractional frequency shift approaches an asymptotic value (ϪA/F sh ) · (V s /V c ). Thus the fractional error in determination of the susceptibility is proportional to the susceptibility.
The measurement system is illustrated in Fig. 1 . The main system components are a high temperature resistance furnace and a cylindrical TM 0n0 cavity with diameter of 580 mm and length of 50 mm. To do a measurement at a specific temperature, the top section of the holder which has the sample in it is raised into the furnace, and held at least 5 min to ensure that the equilibrium furnace temperature is achieved in the sample. Then the hot sample and holder are rapidly lowered into the central, maximum electric field, region of thick-walled, well-cooled copper TM 0n0 cavity. The resonant frequencies and loaded quality factor, Q L,S , of the cavity modes are rapidly measured by a Hewlett-Packard 8753 network analyzer and stored for offline analysis (which includes subtraction of hot empty sample holder effects which were previously measured). The sample and holder are typically out of the furnace for ϳ1.5 s for each frequency measured-in the present case of two frequencies, which means about 3 s out of the furnace. The sample temperature decrease during this period is small (typically Ͻ10 degrees up to 1 000°C) and the cooling rates are known and included in the calculation of the exact temperature of a measurement. The present permittivity measurements were done from room temperature (24°C) in ϳ50°C steps to 1 030°C, and then cooled down.
After the completion of the sequence of measurements, the mass and dimension of the sample are re-measured. The whole measurement sequence is pre-programmed and computer-controlled over the desired set of temperatures, with furnace, linear motion actuator (sample movement), and network analyzer all controlled by a PC running Labview control software.
Permeability Measurements
The complex permeability was measured using a ridgeloaded-WR284 waveguide-based resonant cavity 34) which produces a region of maximum magnetic field strength at the shorted end of the waveguide. The sample was moved rapidly into this maximum field, and again the frequency shift and change in loaded Q are measured. The complex permeability is calculated using a formula identical in form to Eq. (23), but with the appropriate frequency and Q and shape factors and calibration constants for the magnetic cavity.
The permeability measurements are, in practice, less accurate than permittivity measurements because large corrections have to be made for the frequency and Q shift in the magnetic cavity that are caused by the small, but significant, electric field that exists in the high magnetic field region. Since the complex dielectric constant is almost always much larger (typically 10 times) than the complex permeability, the small electric field causes frequency shifts and Q changes that must be taken into account. Thus the magnetic measurements require subtractions that depend upon reliable values at each temperature of the complex permittivity. Only after these corrections have been made, can the complex magnetic susceptibility c m , be determined by using Eq. (24):
... (24) where f m is the cavity mode frequency in permeability test, and the Df and Q are only from the magnetic field induced contribution. Even after these corrections, other problems exist in the interpretation of the apparent measured magnetic susceptibility. If the sample has a moderately large high-frequency electrical conductivity (which is determined by the permittivity measurements), the time-varying microwave magnetic field can induce electrical fields in the sample that produce azimuthal induced currents in the sample, completely analogous to low frequency induction heating. This represents another mechanism of power loss in the sample, and produces power loss and a reduction in Q. However, these losses are mainly due to the electrical conductivity of the sample, which is part of the imaginary permittivity. These "induced electric field" losses are not significant in the permittivity measurements because of the very low magnetic field in the central region of the TM 0n0 cavity, relative to the electric field.
Another problem occurs if the sample conductivity is very high, as with an almost metallic sample. If the conductivity is such that the skin depth is small relative to the diameter of the sample, this implies that the induced currents produce a "bucking" magnetic field in the sample interior that exactly counters the cavity magnetic field. In this way, all magnetic fields are excluded from the interior of the sample. This is the typical Lenz Law situation, and implies an "apparent" magnetic susceptibility, c m ϭϪ1, or a value m r ϭ0 if interpreted incorrectly using Eq. (24) . These problems can only be avoided by a detailed knowledge of the physical and solid state properties of the sample at all temperatures.
Results and Discussion
A typical ferromagnetic material, magnetite concentrate, obtained from the Tilden Mine in Michigan, was used to demonstrate the difference between the values of penetration depth calculated by Eq. (5) and Eq. (20) . The phase compositions were determined using a Scintag XDS2000 powder X-Ray diffractometer with a graphite monochromator and Cu Ka radiation and the X-Ray diffraction pattern is shown in Fig. 2 . The analysis shows the sample contains 3 phases, mainly magnetite (Fe 3 O 4 , JCPDS card: 79-0419) with minor amount of quartz (SiO 2 , JCPDS card: 88-2302) and siderite (FeCO 3 , JCPDS card: 29-0696).
In the permittivity measurement, magnetite concentrate
powders with particle size less than 0.075 mm were uniaxially pressed at about 172 350 kPa in a die lined with tungsten carbide to form 3 pellets with a diameter of about 3.63 mm and a total, stacked length (height) of 13.75 mm. The bulk density (room temperature) of the pellets was 2.77 g/cm 3 . During the measurements, the pellets were stepheated in a resistance furnace to the designated temperatures in 0.01 L/min flowing argon. The XRD (not shown in the paper) after the measurement confirmed that no main phase changed during the heating. In the permeability experiment, the same punch/die unit was used to form pellets with a diameter of about 3.65 mm and length of 14.6 mm. The bulk density of pellets (room temperature) was 2.84 g/cm 3 . The permeability measurements started at room temperature (24°C) and used ϳ50°C steps to 850°C. The argon gas flow was the same as that for permittivity test.
The measured values of the real and imaginary parts of complex relative permittivities and permeabilities of magnetite concentrate under microwave irradiation are shown in Fig. 3 and Fig. 4 , respectively.
In order to characterize the temperature dependence of the permittivity and permeability of magnetite, the curves in Fig. 3 and Fig. 4 were fitted to a polynomial equation of high degree (6), given as .... (25) where f(T) represents the temperature(T, °C) dependent permittivity (e r Ј and e r Љ) or permeability (m r Ј and m r Љ), and the coefficients, a, b, c, d, e, f, g, are constants. The variations of permittivity and permeability with increasing temperature were characterized through the determination of the function. The fitted parameters are listed in Table 1 .
The experimental data of relative permittvities and permeabilities were used to calculate the power penetration
© 2010 ISIJ depths as a function of temperature at 915 MHz and 2 450 MHz (Fig. 5) . Below 600°C, the penetration depths determined by Eq. (20) are much smaller than those calculated by Eq. (5) as expected when the magnetic losses are included. Above 600°C, the difference between penetration depths determined by the two equations becomes negligible, reflecting the fact that the magnetic absorption is very small (in principle, zero) above the Curie point of magnetite (585°C). For example, at 780°C and 915 MHz, the penetration depths determined by Eq. (5) and Eq. (20) are 0.00505 m and 0.00491 m, respectively. This shows that the permeability should be considered in the determination of penetration depth of magnetic dielectrics, especially at temperatures below the dielectric's Curie point.
It is useful to characterize the penetration depth with increasing temperature by curve-fitting the values calculated by Eq. (20) . The temperature (T, °C) dependent penetration depth (D p , meters) can be expressed in the same function represented by Eq. (25) . Table 2 lists the values of constants yielding the polynomial function of penetration depth in meters.
As can be seen from Fig. 5 , the optimum dimension for uniform heat deposition in a sample being irradiated from both sides in a 2 450 MHz microwave field is about 0.03 m (approximately two power penetration depths). The deposited microwave energy can be relatively uniformly distributed by double-sided irradiation in this dimension, and rapid relatively uniform temperature increases can be achieved. This is important since, with a larger sample, there will be obvious temperature gradients. In a smaller sample, a central hot spot may be produced by surface cooling. The accurate determination of penetration depth helps to optimize the load size in the microwave applicator.
Conclusions
A simplified equation was derived, including the effects of permeability, with which to calculate the penetration depth of microwaves in materials with non-zero susceptibility. Using measured values of the permittivity and permeability of magnetite concentrate, the difference between the penetration depth values determined by with and without consideration of the permeability were demonstrated. The difference is large at low temperature (particularly below the Curie point of the magnetic dielectrics). The equation can be used to easily determine the penetration depth of magnetic dielectrics, and help guarantee the volumetric heating of dielectrics under microwave irradiation.
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